We present models for the structure of the crust and upper mantle beneath lunar impact basins from an inversion of gravity and topographic data from the nearside of the moon. All basin models display a thinner crust and an elevated Moho beneath the central basin region compared to surrounding areas, a signature of the processes of basin excavation and mantle uplift during collapse of the transient cavity.
INTRODUCTION
The formation of multiring impact basins has played a major role in the geological evolution of the moon. During the first billion years of lunar history the impact of large projectiles onto the lunar surface resulted in the excavation of basin cavities hundreds of kilometers in diameter [Wood and Head, 1976] Most of these models, however, were developed under dissimilar sets of assumptions and constraints, thus hindering a comparison of the infe..rred structures beneath different basins. Also, the interpretation of gravity data over a single basin requires that the investigator make subjective judgements about regional trends in the gravity data arising from structures outside the area of interest or occurring over wavelengths greater than the scale of the basin. In contrast, global models for lunar crustal structure [Wood, 1973; Bills and Ferrari, 1977a; Thurber and Solomon, 1978] calculated under uniform sets of constraints and assumptions permit an internally consistent assessment of structural variability on a regional scale. These global models were developed to address crustal structure at scales greater than the dimensions of most lunar basins, however, and with the exception of the study of Thurber and Solomon [1978] , none considered mare basalt as a significant contributor to the observed gravity field. In this paper we determine models for the crustal structure in the vicinity of nine impact basins on the lunar nearside (Figure 1 ). The models are derived as part of a simultaneous inversion of nearside gravity and topographic data, using a procedure similar to that of Thurber and Solomon [1978] . The models include a low-density nonmare crustal layer and a mare basalt layer, both of variable thickness. The contributions of Moho relief and mare basalt to the observed gravity anomalies are separated with the assumptions that basin topography was isostatically compensated prior to mare basalt fill and that crustal subsidence in response to loading by mare basalts may be neglected. These assumptions lead to minimum values for mare basalt thicknesses [Thurber and Solomon, 1978] , but because of a similarity in density of mare basalts and mantle material, the thickness of the low-density nonmare crust may be reliably estimated. An important constraint is that the thickness of the nonmare crust in the vicinity of the Apollo 12 and 14 landing sites is known from seismic refraction measurements [Toksoz et al., 1974] . On the basis of the nearside crustal model we compare the structure beneath the largest lunar basins, we derive new bounds on the volume of material ejected from each basin, and we evaluate the implications of structural differences among basins for the processes of basin formation and modification as functions of time on the moon.
PROCEDURE
To determine the crustal structure in the vicinity of lunar basins, we perform a simultaneous inversion of gravity and topography for the low-latitude portion of the lunar nearside, following a procedure similar to that of Thurber and Solomon [1978] . The moon is divided into a grid of blocks, each 5øx 5 ø in horizontal extent (Figure 2 ). These block dimensions represent the approximate limits of resolution of the available gravity data, as discussed further below. The disturbing gravitational potential at any point over the nearside can be approximated as the sum of the potentials due to the distribution of anomalous mass within each block. In this section we describe the adopted procedure for calculation of gravity anomalies, as a forward problem, given a distribution of topography or anomalous mass that is uniform within each block. We then discuss the constraining assumptions that we have chosen to make the inverse problem well posed. Finally, we describe an iterative, linearized inversion procedure to determine the crustal structure within each block from gravity and topography, subject to the adopted constraints.
Computation of Gravity Anomalies
In previous analyses of the gravity anomaly fields of planets using spherical shell segments [Morrison, 1976; Thurber and Solomon, 1978] , contributions to the anomalous mass within each segment have been approximated by uniform surface masses located at a constant radius from the center of the planet. While this method simplifies the computation of the gravitational potential, it may provide a poor approximation to the actual potential when the thickness of the block is similar in magnitude to the distance between the block and the observation point.
As an improved approximation, we represent contributions to the anomalous mass within a spherical shell segment as 
Ar Equation (3) is used to compute the contributions from blocks beneath and near the observation point. For a block more than 900 km distant from the observation point the distribution of anomalous mass in the right-hand side of (1) for that block is represented by four point masses; for a block more than 1200 km distant, a single point mass is used. These simple approximations provide accuracy comparable to that of (3) with a considerable savings of computation time.
Constraints and Assumptions
Following Thurber and Solomon [1978] , we assume that Airy compensation dominates on the moon and that there are three principal contributions from each block to the anomalous gravity field (Figure 2 ): (1) surface topography, measured relative to a datum Dr and contributing to gravity in proportion to the density Pc of the upper crust, (2) Moho relief, measured relative to a datum D•t and contributing to gravity in proportion to the density contrast Apm --Pm-Pc between the densities Pc and Pm of the crust and mantle, respectively, and (3) mare basalt fill with a density contrast Apo = po-Pc.
We adopt the values Pc = 2.9 g/cm 3, Pm= 3.4 g/cm 3, and po-3.4 g/cm 3, estimates that are uncertain by about 0.1 g/cm 3 [Solomon, 1975] . Thus Apb = Ap m = 0.5 g/cm 3 = Ap in this problem. The contribution of topography is evaluated using (3)-(5) and is subtracted from the free air anomaly field to yield the Bouguer anomaly field.
To invert formally the Bouguer anomaly field for crustal structure, it is necessary to impose two additional constraints [Thurber and Solomon, 1978] . The first constraint is that by assumption, (1) topography in mare areas was isostatically compensated by an Airy mechanism before the emplacement of mare basalts and (2) no compensation of mare units has occurred since their emplacement. These two assumptions, for which we use the term "premare isostasy constraint" below, permit a unique decomposition of the gravity anomaly into contributions from Moho relief and mare fill. The first assumption receives support from the argument that the crust surrounding a recently formed impact basin was likely to have been hot and incapable of supporting the large deviatoric stresses associated with a deep basin depression [e.g., Bratt et al., 1981] . The second assumption is not strictly correct; mare ridges and linear rilles provide evidence that the lunar lithosphere has subsided in response to the mare basalt load in the mascon maria [Solomon and Head, 1979, 1980] . This second assumption, however, has little influence on the estimated thickness of nonmare crustal material. The effects of both assumptions on the derived structural models are discussed further below. Under the premare isostasy constraint, the basalt thickness tj and the depth to the Moho dj within any mare Bouguer anomaly field •calc is computed from the adjusted model using (3)-(5), the rms residual gravity anomaly is determined from (7), and the inversion process is repeated until the rms residual converges to a minimum.
We impose one additional constraint on blocks in mare regions. If the Bouguer anomaly over a mare block is sufficiently small, the premare isostasy constraint may not be consistent with a finite thickness of basalt. Therefore, if the adjustment to the basalt thickness within a mare block forces the total mare thickness to fall below 250 m, the constraint of premare isostasy for that block is relaxed and the basalt thickness is held constant at 250 m for the remaining iterations.
A substantial savings in computation time and core storage was achieved by filling the matrix P only with those partial derivatives associated with the block directly below the observation point and the eight surrounding blocks. This approximation is equivalent to assuming that the residual anomaly above a given block is caused only by errors in the adopted thicknesses of the anomalous mass in the nine nearest blocks.
The resulting partial derivative matrix is then sparse and can be easily manipulated into a diagonally dominant form. We solve for the vector Ab of thickness corrections by converting the matrix P to upper triangular form by using a series of Householder transformations applied to sequentially accumulated rows [Lawson and Hanson, 1974 The "observed" Bouguer anomalies are calculated above the center of each block at two altitudes, 100 and 200 km, which bracket the altitudes of the majority of Apollo 14, 15, and 16 orbits used to derive the disk gravity model [Wong et al., 1975] . We found that using 1344, rather than 672, gravity "observations" greatly improves the stability of the inversion and acts to smooth the resulting structural model. Of course, the 1344 "observations" are not fully independent. The mass disk model is described by 1400 parameters, but many of these parameters are strongly correlated [Wong et al., 1975] .
The Bouguer gravity anomaly field obtained from the application of (3)- (5) Figure 8 for many mare regions. This similarity between the two determinations is probably coincidental, however, because the rim height technique tends to underestimate mare thickness by as much as a factor of 2 [Head, 1982] .
It is also possible that the mare basalt thicknesses shown in Figure 8 for some regions may be overestimates because of a significant contribution to the gravity field from subsurface intrusions of high-density mare basaltic material. The thickness of mare basalt within the central block of the Orientale basin, for instance, is 3-4 km in Figure 8 . On photogeological grounds, however, the basalt thickness has been estimated to be no greater than 1 km [Head, 1974] . A significant excess mass within the submare crust is a possible explanation for this discrepancy. The large uncertainty in the topography and gravity in the Orientale region may be at least an equal contributor, however.
GEOLOGICAL IMPLICATIONS
The structural models derived in this paper have a number of implications for the processes that accompanied the formation and evolution of large impact basins on the moon. We divide the discussion into basin formation processes, including transient cavity collapse and emplacement of ejecta deposits, and basin modification processes, including volcanism and lithospheric deformation on time scales longer than those normally associated with the basin formation event. We recognize that this division is somewhat arbitrary and that the present characteristics of each basin may be the product of a combination of both types of processes.
Early Cavity Geometry
The volume of material ejected from a basin during impact is an important quantity, for several reasons. Its relation to basin diameter provides a strong constraint on the cratering process for large impacts, particularly on the early cavity geometry. The ejecta volume also provides information on the sampling depths of large impacts and thus on the interpreta- This equality ignores the effects of density changes due to compression of target material, brecciation of fallback material, or other inelastic effects. The volume of primary ejecta residing outside a major basin, however, is a difficult quantity to determine from photogeologic observations of ejecta deposits, among other reasons because of the difficulty in separating primary ejecta from the locally derived, secondary ejecta surrounding the basin . From a variety of observations, models, and scaling relations, Head et al. [1975] estimated that • for a basin the size of Orientale lies between 0.4 x 10 6 and 12 x 106 km 3. This wide range of possible ejecta volumes is equivalent to a large uncertainty in the thickness of ejecta deposits expected from an Orientale-sized impact. For instance, if the ejecta volume were spread evenly over the lunar surface, the thickness could be as little as 10 m or as large as 300 m.
More recently, Spudis [1982, 1983] and Spudis et al. [1984] have estimated the depth of excavation for lunar basins from remote geochemical observations and scaling relations under the assumption that the lunar crust is layered, with an anorthosite layer overlying a more noritic layer [Ryder and Wood, 1977] . Spudis [1982 Spudis [ , 1983 and Spudis et al. [1984] concluded that the chemistry and mineralogy of the ejecta deposits of five nearside basins provide support for an excavation model in which the ratio of the depth of excavation to basin diameter is about 0.1 for basin-sized impacts. On the basis of such a model the excavation depth for the younger nearside basins ranged from 40 to 80 km [Spudis, 1983] , and the volume Vp of primary ejecta excavated during the Orientale basin impact is estimated to be 5-8 x 10 6 km 3 [Spudis et al., 1984] . These estimates have considerable uncertainty, however, associated with the reality of the assumed simple model of crustal layering and with the ability to separate primary from secondary ejecta.
The structural models for lunar nearside basins depicted in Figure 10 provide a straightforward and internally consistent framework with which to address cavity and ejecta volumes. Let V0 be the volume of the present basin, including the volumes of the topographic depression and of mare fill. We make the assumption that the crustal thickness of the preimpact basin region was similar to the present thickness at 2-3 basin radii from the basin center (excluding other nearby basins) . We suggest that this near uniformity of nonmare crustal thickness beneath the younger basins can be understood only (Figure 11a) , then the value of tc for a basin of a given diameter should be greater for a thicker preimpact crust. The quantity tc should also decrease with increasing diameter for basins formed in crust of similar thickness. Neither relation is indicated by the values in Table 1 . Of course, the youngest six basins in Table 1 may have been affected to varying degrees by long-term viscous relaxation and other modification processes, but it is hard to imagine how such processes would have led coincidentally to the similar present values of tc. As noted above, the conclusion that excavation of the youngest nearside basins extended to the lower crust has been suggested on independent geochemical and photogeological grounds by Spudis [1982 Spudis [ , 1983 and Spudis et al. [1984] .
If we accept that the excavated volumes for the basins in Table 1 extended in depth at least to the lowermost crust, we still must seek a mechanism for the near constancy of tc. One explanation is motivated by the observation that mantle material is significantly stronger than crustal material at laboratory strain rates [e.g., Brace [Whitaker, 1981] so that the thermal effects of the Procellarum impact on the creep rates in the crust were still im-portant [Wilhelms, 1983] . Nubium and Tranquillitatis lie just within, and Fecunditatis just outside, the third ring of the Procellarum basin [Whitaker, 1981] Of the basin modification processes considered above, lateral flow of lunar crustal material, perhaps augmented by nonmare volcanism, is the most likely explanation of the general decrease of preserved mantle uplift with increasing basin age. Because both of these processes involve the radially inward movement of crustal material, the two are difficult to separate on the basis of gravity and topographic data alone. The poor degree of preservation of relief of the older basins on the central nearside may be a consequence of both the generally high temperatures in the early lunar crust and the extensive additional crustal and subcrustal heating associated with the formation of the ancient Procellarum basin.
SUMMARY AND CONCLUSIONS
We have presented models for the crustal and upper mantle structure beneath major impact basins on the nearside of the moon. The models are derived from an inversion of nearside gravity and topography, subject to the assumptions that premare topography was isostatically compensated by an Airy mechanism and that compensation of mare basalt units may be neglected. An additional constraint is the crustal thickness inferred beneath the Apollo 12 and 14 landing sites from seis- The thickness of nonmare crustal material beneath the central regions of the six youngest basins considered in this study is remarkably uniform (20-30 km) despite large differences in basin size and in the preimpact thickness of the crust. These results suggest the hypothesis that basin excavation extended in depth at least to the lowermost crust for these impacts and that significant deepening of cavity excavation for the largest basins was most likely impeded by an abrupt increase in strength at the crust-mantle boundary. The preserved layer of nonmare crust beneath the basin centers, by this view, may be some combination of fallback and crustal material transported laterally during cavity collapse.
The structural models described in this paper provide important constraints on the thermal budget of the basinforming process and on the subsequent thermal and tectonic evolution of the basin region [Bratt et al., 1981] . While these models are of necessity simple, they provide a basis for testing the ideas presented here with data of higher spatial resolution in individual basin regions on the moon and the other terrestrial planets.
